1. Introduction {#s0005}
===============

Tuberculosis (TB), caused by *Mycobacterium tuberculosis* (Mtb) is a common infectious disease among humans, accounting for 9 million new cases and 1.5 million deaths in 2013 (<http://www.who.int/tb/publications/factsheet_global.pdf?ua=1>). The current anti-TB drug regimen used for directly observed therapy, short course (DOTS) is ineffective at completely eliminating the infecting Mtb and disease associated lung pathology ([@bb0005], [@bb0010]). Since most of the antibiotics currently in use for TB treatment under DOTS primarily target actively growing Mtb, non- or slow replicating and dormant bacilli, present in the granulomas of active TB cases, are not efficiently killed ([@bb0005], [@bb0015]). Such dormant bacillary population can resume growth and cause symptomatic, active disease in the infected host in response to conditions that suppress immunity ([@bb0020], [@bb0025]). Moreover, after successful completion of DOTS therapy, lung function and quality of life of TB patients can be significantly compromised by the fibrotic scars and irreversible tissue damage, rendering them more susceptible to recurrent TB disease and other pulmonary infections ([@bb0030], [@bb0035]). Therefore, alternate approaches for better bacterial elimination and treatment outcome are urgently needed to control the TB epidemic and improve the quality of life of TB patients after treatment ([@bb0040]).

Progression of initial pulmonary Mtb infection to chronic active TB versus establishment of latent Mtb infection (LTBI) involves a shift in the regulation of inflammatory responses of host immune cells ([@bb0045], [@bb0050]). During progressive pulmonary TB, the onset of early and exacerbated inflammation, associated with tissue necrosis and cavity formation impairs host resistance and, promotes dissemination of Mtb within and outside the lung ([@bb0055], [@bb0060]). Disease pathology during Mtb infection is driven by reactive oxygen and nitrogen species as well as cytokines, chemokines and other inflammatory mediators such as TNF-α, interferon gamma-induced protein 10 (IP-10) and C-reactive protein (CRP) produced by activated macrophages, neutrophils and other immune cells ([@bb0055], [@bb0065]). The mycobacterial population thriving in an elevated host inflammatory environment adapts to a dormant phenotype with slow or no replication that is refractory to antibiotic killing ([@bb0070]). Thus, adjunctive host targeted immune therapies that improve disease pathology by modulating the inflammatory response to Mtb infection and that shorten the duration of standard antibiotic treatment by increasing macrophage anti-microbial activity, is an important emerging concept in treatment of TB ([@bb0075], [@bb0080]). Phosphodiesterases (PDE) are enzymes that hydrolyze cyclic nucleotides, such as cyclic adenosine and guanosine monophosphates (cAMP and cGMP) ([@bb0085], [@bb0090]). In higher mammals at least 11 different PDEs (PDE1--PDE11) have been reported; many are implicated in modulating host cell functions, including cytokine and chemokine produced in response to various diseases ([@bb0095], [@bb0100]). PDE4 is a cAMP-specific hydrolase present predominantly in host leukocytes, including macrophages, neutrophils and lymphocytes ([@bb0105], [@bb0110]). Since accumulation of cAMP, through blocking its hydrolysis, negatively regulates inflammation, several PDE4is have been tested and found to be useful for treating human inflammatory diseases including asthma and psoriasis ([@bb0105], [@bb0115], [@bb0120]). Over the past several years, we have investigated the therapeutic effects of the immune modulatory drugs (IMiDs®), PDE4i, and other small molecules as adjunctive therapies with anti-TB antibiotics in different animal models ([@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145]). Our central hypothesis is that reducing but not fully blocking TNF-α production by host cells would alleviate inflammatory responses and improve the outcome of antibiotic treatment during Mtb infection. Recently, we showed that treatment with the PDE4i CC-3052, together with INH, significantly reduced Mtb growth and disease pathology in murine and rabbit models of pulmonary TB ([@bb0135], [@bb0140], [@bb0145]). In the present study, we report the "proof-of-concept" for the activity of another PDE4i (CC-11050) with improved therapeutic properties. Moreover, CC-11050 has an investigational new drug (IND) application and has been in clinical trials for other indications. We chose INH, since this drug predominantly kills actively replicating bacteria and ineffective in killing against dormant bacilli. In addition, INH monotherapy has been used as a prophylactic treatment against reactivation of latent Mtb infection in humans. Our results show that CC-11050 dampens infection-induced inflammation and improves bacterial clearance as well as clinical outcome in INH treated rabbits with pulmonary TB. The present work confirmed that PDE4 inhibition with CC-11050 gives similar effects as CC-3052 and other PDE4is. Results from this study will serve as a proof of concept to guide a human clinical trial that will be conducted soon (JBZ personal communication).

2. Materials and Methods {#s0010}
========================

2.1. Bacterial Culture and Chemicals {#s0015}
------------------------------------

*M. tuberculosis* HN878 (a strain of W-Beijing lineage) was grown to mid-log phase (OD~600~ = 0.5--0.7) in Middlebrook 7H9 media containing 0.5% glycerol, 0.25% Tween 80 and 10% oleic acid dextrose catalase (OADC) supplement (BD Biosciences, MD) and aliquots were stored at − 80 °C. The bacterial inoculum for rabbit aerosol infection was prepared as described previously ([@bb0150]). Ketamine, acepromazine and euthasol used to sedate and euthanize rabbits were purchased from Henry Schein Animal Health, OH. CC-11050 was supplied by Celgene Corporation, NJ. All other chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, MO), unless mentioned otherwise.

2.2. Animal Welfare and Ethical Statement {#s0020}
-----------------------------------------

Specific pathogen free, female New Zealand white rabbits (Millbrook Farms, MA) of 2.3 to 2.6 kg body weight were used in this study. Each rabbit was housed individually without any restriction on food and water consumption (ad libitum) and was handled humanely according to the United States Department of Agriculture (USDA) policies. All the procedures with Mtb-infected rabbits, including infection, gavage, post-infection and treatment monitoring were performed in bio safety level-3 facilities according to the protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the Rutgers University and were in compliance with institutional, national and international guidelines governing the use of experimental animals.

2.3. Pharmacokinetics of CC-11050 {#s0025}
---------------------------------

### 2.3.1. Structure of CC-11050 {#s0030}

CC-11050 (N-\[2-\[(1S)-1-(3-ethoxy-4-methoxyphenyl)-2-(methylsulfonyl) ethyl\]-2,3-dihydro-3-oxo-1H-isoindol-4-yl\]-(9Cl) cyclopropanecarboxamide) is a PDE4i with anti-inflammatory activities. CC-11050 has an empirical formula of C~24~H~28~N~2~O~6~S with one chiral center in its structure (Supplementary Fig. 1A).

### 2.3.2. Sample Collection {#s0035}

Uninfected rabbits were divided into two experimental groups (n = 3 per group) and treated by oral gavage with either 25 mg per kg or 50 mg per kg of CC-11050. Venous blood was collected in vacutainer tubes (BD & Co, NJ) at time 0 (pre-treatment), 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h after a single gavage administration of CC-11050. In another experiment, groups of rabbits (n = 3 per group) were treated by oral gavage with CC-11050 at 25 or 50 mg per kg per day for four days and blood was collected as before. Plasma was collected after centrifuging the blood samples at 1100 ×* g* for 10 min. To determine whether INH and CC-11050 interact with each other in the Mtb-infected rabbits, blood samples were collected after 2 weeks of treatment and plasma was collected as mentioned above for liquid chromatography--mass spectrometry (LC--MS) analysis.

### 2.3.3. Bioanalytical Method for CC-11050 {#s0040}

The standard curve (1 to 4000 ng per ml) and quality control samples (3 to 3200 ng per ml) were prepared by diluting 1 mg per ml stock CC-11050 solution in rabbit plasma diluted 1:1 with Sorenson\'s citrate buffer (25 mM; pH 1.5). The internal working standard solution (25 ng per ml) was prepared by diluting 1 mg per ml internal standard stock solution of ^13^CD~3~--CC-11050. Briefly, 100 μl of the working internal standard solution was added to 25 μl of each standard, quality control or test samples, and mixed well. After centrifugation at 4000 rpm for 10 min, 75 μl of the supernatant was transferred to a clean 96-well plate for analysis. Samples were analyzed by LC--MS using a Sciex API 4000 Triple Quadrupole Mass Spectrometer (Sciex, Division of MDS Inc., Canada) coupled to a Shimadzu HPLC System (Shimadzu Scientific Instruments, MD) with a Phenomenex Gemini column (5 μm, 2.0 × 50 mm) (Phenomenex, CA). Samples were analyzed using the following chromatographic conditions: mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in acetonitrile. The gradient conditions were: 0 min for 10% B, 0.0--2.0 min from 10% B to 75% B, 2.1--3.0 min for 95% B, and 3.05--4.0 min for 10% B. A positive ion mode with turbo spray, an ion source temperature of 450 °C, and a dwell time of 100 ms were utilized for mass spectrometric detection. Quantification of analytes was performed using multiple reactions monitoring (MRM) at the following transitions: *m*/*z* 473.1 to *m*/*z* 178.1 and *m*/*z* 477.1 to *m*/*z* 182.1 for CC-11050 and its internal standard, respectively. Quadratic regression plots of peak area ratios of analyte to its internal standard versus analyte concentration were derived with 1/x^2^ weighting. Pharmacokinetic parameters were calculated using Watson LIMS™ (version 7.4, Thermo Fisher, PA). The maximum plasma concentration (C~max~) and the corresponding time (T~max~) were determined from actual data. The area under the plasma concentration-time curve from time 0 to the last measurable time point (AUC~last~) was determined using the linear and linear-log trapezoidal rule of non-compartmental model. Nominal times were used for pharmacokinetic parameter calculations. All statistics were calculated by Watson LIMS™. Plasma concentrations below the limit of quantitation (BLOQ) were treated as zero for calculation.

2.4. Pulmonary Mtb Infection of Rabbits {#s0045}
---------------------------------------

Seventy rabbits (n = 71) were used for aerosol infection with Mtb HN878 in a "snout-only" exposure system (CH Technologies Inc., NJ) as reported earlier ([@bb0155]). After one week of acclimatization, rabbits were sedated and exposed to Mtb-containing aerosols through individual, "snout-only" apparatus. The bacterial inoculum was standardized to deliver approximately 3.3 log~10~ bacterial colony forming units (CFU). To determine the actual number of CFU implanted, a group of aerosol-exposed rabbits (n = 10) was euthanized after 3 h (T = 0) and their lung homogenates were plated on Middlebrook 7H11 agar plates (Difco Laboratories Inc., Detroit, MI). Bacterial CFU were enumerated from these plates after 4--6 weeks of incubation at 37 °C. Similarly, CFU were calculated from six animals (n = 6) at 4 weeks post-infection (i.e., at the onset of treatment). Starting at 4 weeks post-infection, group of Mtb-infected rabbits was treated by oral gavage with CC-11050 (50 mg per kg) or INH (50 mg per kg) or a mixture of INH + CC-11050 five days a week for 8 weeks (i.e., until 12 weeks post-infection); a group of Mtb-infected rabbits (n = 7) was left untreated as control. The treatment compounds were dissolved in water before oral gavage using a flexible rubber catheter with a lubricant. At 8 and 12 weeks post-infection, Mtb-infected rabbits from all four groups (n = 6--8 per group per time point) were euthanized and the lung, liver and spleen were harvested aseptically and processed immediately to prepare homogenates in sterile saline for CFU assay. Representative portions of these organs were also stored in formalin for histopathologic analysis or frozen immediately for total RNA isolation. To monitor disease severity, weight of total body, lung, liver and spleen was measured and number of sub-pleural lung granulomas was counted for all the infected rabbits at each experimental time point.

2.5. Mycobacterial Drug Susceptibility Test {#s0050}
-------------------------------------------

Bacterial resistance to INH was tested by plating serial dilutions of lung homogenates on 7H10 agar media containing 0.2 or 1 μg per ml of INH. In addition, susceptibility of Mtb strains to INH (0.0125 μg per ml or 0.2 μg per ml) with or without CC-11050 (5, 50 and 250 mM) were tested in vitro using liquid cultures. Briefly, about 6 log~10~ CFU per ml of Mtb was incubated with or without INH and CC-11050. At 24, 48 and 72 h post-treatment, samples were serially diluted and plated on 7H10 agar media. Colonies were enumerated after 3 weeks of incubation at 37 °C.

2.6. Histology and Morphometry {#s0055}
------------------------------

Formalin-fixed lung tissue sections from Mtb-infected rabbits were stained with hematoxylin and eosin (H&E) to visualize cellular composition or with Ziehl--Neelsen acid fast staining (AFB) to visualize Mtb (IDEXX-RADIL Laboratories Inc., MO). Masson\'s trichrome staining was performed to examine collagen deposition and fibrosis as previously described ([@bb0160]). Stained lung sections were analyzed and photographed using a Nikon Microphot-FX photomicrographic system with NIS-Elements F3.0 software (Nikon Instruments Inc., NY). Semi quantitative evaluation of pathology was based on the following scoring system: 0---intact lung; 1---increased cellularity; 2---granuloma formation; 3---granulomas with central necrosis; 4---large coalescent lesions with necrosis; 5---partial liquefaction; 6---extensive liquefaction; 7---cavity. Similarly, the extent of fibrosis was scored using modified Ashcroft scale: 0---normal lung (no fibrosis); 1---minimal fibrous thickening of alveolar or bronchiolar vessels; 2---moderate thickening of walls without obvious damage to lung architecture; 3---Increased fibrosis with definite damage to lung structure and formation of fibrous bands or small fibrous masses; 4---large fibrous areas; 5---total fibrous obliteration of the field ([@bb0165], [@bb0170]). The number and size of granulomatous lesions in the Mtb-infected rabbit lung sections were enumerated by morphometric measurements using Sigmascan Pro software (Systat Softwares, Inc., CA).

2.7. Flow Cytometric Analysis {#s0060}
-----------------------------

Single cell suspensions were prepared from rabbit spleen and used for flow cytometry as described previously ([@bb0150]). Briefly, spleenocytes were stained with CFSE (Life Technologies, Carlsbad, CA) and stimulated with concanavalin A (ConA) or heat-killed Mtb or purified protein derivative (PPD) or left untreated. Cells were stained primarily with anti-rabbit CD4 or anti-rabbit CD8 antibodies followed by APC anti-mouse IgG (BD Biosciences, San Jose, CA). The samples were processed through FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and data was analyzed using FlowJo software (Tree Star, Ashland, OR).

2.8. RNA Isolation and Microarray Analysis {#s0065}
------------------------------------------

Total RNA from rabbit lungs was isolated using TRIzol reagent (Invitrogen, CA) as described previously ([@bb0175]). Portions of the lung tissue were homogenized with TRIzol, extracted with chloroform and purified using NucleoSpin RNA II kit (Macherey-Nagal, GmbH). The quality and quantity of purified RNA was estimated using Nanodrop (NanoDrop Products, DE). One microgram of total RNA from each rabbit lung was processed separately for cDNA synthesis using a SuperScript II system (Agilent Technologies, CA). cDNA from three rabbits per group was processed independently for microarray experiments as described earlier ([@bb0175]). The 4x44k rabbit microarray slide and associated reagents were obtained from Agilent Technologies (Agilent Technologies, CA). Synthesis of cDNA, labeling, hybridization and post-hybridization washings were performed according to the established, standardized protocols of the Center for Applied Genomics (<http://www.cag.icph.org/index.htm>) of Rutgers University. The slides were scanned and background-corrected probe intensity was extracted using the Agilent Scanner and Feature Extraction Software (Agilent Technologies, CA), respectively. Normalized data from individual rabbits treated with CC-11050 or INH or INH + CC-11050 (n = 3 per group) were pooled respectively and compared to the pooled data (n = 3) from the untreated but Mtb-infected control group. One-way ANOVA followed by Bonferroni\'s test was performed in Partek Genomics Suite, version 6.5 (Partek Inc., MO) and was used to compare multiple experimental groups and treatment time. A false discovery rate of less than 5% (FDR \< 5%) was used as cut-off to identify the statistically significantly differentially expressed genes (SDEG) in each of the treatment groups, relative to untreated controls. The list of SDEG was loaded into QIAGEN\'s Ingenuity® Pathway Analysis (IPA®-QIAGEN, CA) to determine significantly enriched (P \< 0.05; right-tailed Fisher\'s Exact Test) biological functions, networks and canonical pathways as described previously ([@bb0180]). The microarray data has been submitted to Gene Expression Omnibus (GEO), accession number GSE74687.

2.9. Quantitative PCR (qPCR) Analysis {#s0070}
-------------------------------------

Total RNA from Mtb-infected rabbit lungs was reverse transcribed using a Sprint RT system following manufacturer instructions (Clontech, CA) and used in qPCR as described before ([@bb0140]). Five nanograms of cDNA was mixed with gene-specific primer pair and 2xSYBR green master mix; ROX dye was included as internal control and the reaction was set up as recommended by the manufacturer (Takara, CA). Host GAPDH gene was used as internal control in all tested samples. The qPCR was performed in a Strategene Mx3005p instrument and the data was analyzed using MxPro Software (Agilent Technologies, CA) to determine threshold cycle (Ct). Change in gene expression was calculated using the formula 2^−∆Ct^, where ∆ Ct is the difference in Ct between target gene and GAPDH. Nucleotide sequence of gene specific primers used in this study is shown in Supplementary Table 1.

2.10. Statistical Analysis {#s0075}
--------------------------

The microarray data was analyzed by ANOVA using Partek Genomics Suite, version 6.5 (Partek Inc., MO) to select significantly differentially expressed genes (SDEG) as reported earlier ([@bb0180]). Students\' *t*-test from Microsoft Excel 2007 and GraphPad Prism software (GraphPad Software, CA) was used to compare pair-wise significance for the bacterial CFU assay, pathologic analysis, T-cell proliferation assay and qPCR experiments. For all experiments P \< 0.05 was considered statistically significant.

3. Results {#s0080}
==========

3.1. Pharmacokinetics of CC-11050 {#s0085}
---------------------------------

Peak plasma concentrations were reached between 4 and 8 h (T~max~) following single or multiple 25 and 50 mg per kg doses of CC-11050 (Supplementary Fig. 1). There were no significant differences observed in the maximum concentrations (C~max~) reached at T~max~ after one day or 4 days of oral dosing within the 25 mg per kg per day or 50 mg per kg per day dose groups (Supplementary Table 2a). The mean exposures calculated from the area under the concentration curve (AUC~\[0--24\]~) increased proportionately to the dose on both day 1 and day 4. In addition, about a two-fold increase in mean CC-11050 accumulation was observed at both dose levels (Supplementary Table 2a). As shown in Supplementary Table 2b and Supplementary Fig. 2, the plasma concentration of INH was not affected by co-administration of CC-11050.

3.2. Adjunctive CC-11050 Treatment With INH Significantly Reduces Tissue Bacillary Loads {#s0090}
----------------------------------------------------------------------------------------

To determine the efficacy of CC-11050 at improving the antimicrobial activity of the TB drug INH, we measured the number of CFU in the lung, liver and spleen of aerosol infected rabbits at various time points post-exposure or treatment ([Fig. 1](#f0005){ref-type="fig"}a). About 3.3 log~10~ CFU of Mtb HN878 implanted in rabbit lungs on day 0 (3 h post-infection), proliferated to about 7 log~10~ CFU after 4 weeks ([Fig. 1](#f0005){ref-type="fig"}b and Supplementary Table 3). In the untreated rabbits the bacillary load remained high at 8 weeks (mean = 6.6 log~10~) and 12 weeks (mean = 6.2 log~10~) post-infection. Treatment with CC-11050 alone for 4 weeks or 8 weeks (8 weeks or 12 weeks post-infection) did not affect the number of CFU significantly compared to the untreated rabbits (P = 0.949 and 0.073, respectively), suggesting that CC-11050 does not have any inherent anti-mycobacterial activity. Treatment of Mtb-infected rabbits with INH alone for 4 weeks moderately reduced the lung bacillary load; however, after 8 weeks of treatment a significant reduction in the number of CFU was noted (P = 0.0223), compared to the untreated animals ([Fig. 1](#f0005){ref-type="fig"}b). There was no significant difference in CFU between CC-11050-treated and INH treated rabbits after 4 weeks (P = 0.562) or 8 weeks (P = 0.39) of treatment (i.e., 8 and 12 weeks post infection).Treatment of Mtb-infected rabbits with INH + CC-11050 for 4 weeks reduced the lung bacillary load but this effect was not statistically significant, compared to the other groups. However, a significant reduction in the lung bacillary load was observed after 8 weeks of INH + CC-11050 treatment, compared to the untreated (P = 0.006) or INH alone treated (P = 0.0055) animals ([Fig. 1](#f0005){ref-type="fig"}b). At these time points, significant difference was noted between the CC-11050-treated and CC-11050 + INH treated rabbits (P = 0.043 for 4 weeks and P = 0.006 for 8 weeks of treatment). This observation suggests that immune modulation with CC-11050 can improve INH-mediated killing of Mtb in the rabbit lungs. It is important to note that when CC-11050 was used alone, the bacillary growth did not increase, as seen when the host immune response is inhibited (i.e., immune suppression). Tubercle bacilli were also recovered in significant numbers from the livers and spleens of all infected animals at 4 weeks post infection ([Fig. 1](#f0005){ref-type="fig"}c and [1](#f0005){ref-type="fig"}d), suggesting bacillary dissemination from the lungs. A significant reduction in the liver bacterial load was noted only in rabbits treated with INH + CC-11050 for 8 weeks. In the spleen, the lowest number of CFU was also observed in the same treatment group.

3.3. CC-11050 Treatment Did Not Affect the Bacterial Susceptibility to INH {#s0095}
--------------------------------------------------------------------------

To determine whether CC-11050 affect Mtb susceptibility to INH, we performed CFU assay using lung homogenates of rabbits treated with CC-11050 with or without INH. No significant difference was observed in the number of CFU obtained between INH and INH plus CC-treated samples (data not shown). In addition, in vitro INH susceptibility testing of Mtb with or without CC-11050 did not show significant difference between these two groups (Supplementary Fig. 3).

3.4. CC-11050 Plus INH Treatment Dampens Disease Burden {#s0100}
-------------------------------------------------------

To estimate the overall disease burden of Mtb-infected rabbits with or without any treatment, net weight of the lung, liver and spleen was measured after 4 or 8 weeks post-treatment (Supplementary Fig. 4). No significant difference in the weights of these organs was noted between the untreated rabbits and those treated with CC-11050 or INH with or without CC-11050.

To evaluate the development of granulomas over time, whole rabbit lungs from all groups of the Mtb*-*infected (treated or untreated) animals were examined for gross pathology at the end of treatment (12 weeks post-infection) ([Fig. 2](#f0010){ref-type="fig"}a and h). The lesions in the untreated ([Fig. 2](#f0010){ref-type="fig"}a and e) and CC-11050-alone treated ([Fig. 2](#f0010){ref-type="fig"}b and f) rabbits appeared larger than those noted in the other treatment groups. Although INH alone-treated animals had smaller visible lesions at 4 or 8 weeks of treatment ([Fig. 2](#f0010){ref-type="fig"}c and g), the smallest lesions were observed in the lungs of rabbits treated with INH + CC-11050 at these times ([Fig. 2](#f0010){ref-type="fig"}d and h). In the combination therapy group, most of the lung parenchyma appeared normal and unlike the other groups, a number of the lung sections had no lesions at all.

The total number of sub-pleural lesions counted in both lungs of untreated Mtb-infected rabbits was about 80 at 4 weeks post-infection. This number did not change significantly at 12 weeks post-infection in the untreated, the CC-11050 alone- or INH alone-treated animals ([Fig. 2](#f0010){ref-type="fig"}i). In contrast, rabbits treated for 8 weeks with INH + CC-11050 had a significantly lower number of visible sub pleural lesions, compared to the other groups (P \< 0.0001) ([Fig. 2](#f0010){ref-type="fig"}i).

Morphometric analysis of the histologic sections of lung tissue revealed significant differences in the size of the lesions ([Fig. 2](#f0010){ref-type="fig"}j). In the untreated animals, the granulomas at 12 weeks post-infection reached about 1 mm^2^. No significant difference in the lesion area was noted between the untreated and CC-11050- or INH-alone treated animals, although the latter group had moderately reduced lesion size. Importantly, the greatest reduction in granuloma size was noted in the lungs of INH + CC-11050 treated rabbits (average = 0.102 mm^2^) which was significantly lower compared to the untreated (P = 0.013) or INH-alone treated (P = 0.040) animals at 12 weeks post-infection ([Fig. 2](#f0010){ref-type="fig"}j).

To determine the extent of disease manifestations in the lungs, we scored the pulmonary pathology at the end of treatment ([Fig. 2](#f0010){ref-type="fig"}k). The untreated and INH-alone treated group had the highest disease complications, followed by the CC-11050 treated rabbits that showed a moderately reduced disease at 12 weeks post infection. In contrast, significant reduction (P = 0.04) in disease pathology was observed at this time in the INH + CC-11050 treated, compared to the untreated rabbits ([Fig. 2](#f0010){ref-type="fig"}k).

3.5. CC-11050 Plus INH Treatment Alleviates Lung Necrosis and Tissue Damage {#s0105}
---------------------------------------------------------------------------

Detailed, higher magnification histologic examination of the Mtb-infected rabbit lungs at 4 weeks showed multiple, well organized granulomas (size 0.5--1.5 mm diameter), some of which had initial central necrosis (not shown). At 12 weeks, untreated rabbits had multiple coalescent lesions with extensive necrosis, surrounded by macrophages and many lymphocytes ([Fig. 3](#f0015){ref-type="fig"}a and b). In some granulomas, mineralization (calcification) was seen. Polymorphonuclear leukocytes (PMNs) were observed at the border of the necrotic areas. Animals treated with CC-11050 alone, at 12 weeks post-infection (8 weeks of treatment), had similar large necrotic lesions ([Fig. 3](#f0015){ref-type="fig"}d and e), containing multiple epithelioid macrophages and less lymphocytes. INH-treated rabbits had a similar number of somewhat smaller lesions, compared to the untreated animals. The granulomas contained central area of necrosis and mineralization, surrounded by foamy macrophages and lymphocytes in the periphery ([Fig. 3](#f0015){ref-type="fig"}g and h). In contrast, significantly fewer and smaller granulomas (\< 0.5 mm diameter) were present in the INH + CC-11050 treated rabbits relative to the controls and other treatment groups ([Fig. 3](#f0015){ref-type="fig"}j and k). Most of the lesions were in the process of undergoing resorption and had no central necrosis. These observations were confirmed by a semi quantitative evaluation of lung pathology (see [Section 2](#s0010){ref-type="sec"}). The average disease score for animals treated with INH + CC-11050 was significantly lower than the control group and rabbits treated with INH alone (1.7 vs. 5 and 4.3 respectively; P = 0.0006 and 0.003 respectively). Acid-fast staining revealed numerous bacilli, mostly intracellular in the lesions from the control untreated rabbits ([Fig. 3](#f0015){ref-type="fig"}c). Few single AFB were found in the necrotic zone of the granulomas of INH- or CC-11050-alone treated animals ([Fig. 3](#f0015){ref-type="fig"}f and i) and none in the lesions of INH + CC-11050 treated rabbits ([Fig. 3](#f0015){ref-type="fig"}l).

3.6. Effect of CC-11050 Treatment on Immune Cell Function {#s0110}
---------------------------------------------------------

To determine the extent of T cell activation, spleenocytes isolated from Mtb-infected rabbits that were untreated or drug treated, at 12 weeks post-infection, were stimulated with PPD, ConA or heat-killed Mtb, and their proliferative capacity was analyzed by CFSE dilution method using a flow cytometer as described previously ([@bb0150]). As shown in [Fig. 4](#f0020){ref-type="fig"}, in the absence of any antigen stimulation, the percent of proliferating CD4^+^ T cells was significantly reduced in the CC-11050 (P = 0.033) or INH (P = 0.002) or INH + CC-11050 (P = 0.008) treated, compared to the untreated animals. Similar reductions in proliferating CD4^+^ T cells were also noted between the untreated and treated animals, upon stimulation with heat-killed Mtb (P = 0.017 for CC-11050; P = 0.022 for INH; P = 0.008 for INH + CC-11050). In contrast to the proliferating CD4^+^ T cells, no significant difference was observed in the percent of proliferating CD8^+^ T cells between the untreated and different treatment groups (Supplementary Fig. 5) exposed ex vivo to the different antigens.

3.7. Global Lung Transcriptome of Mtb-infected Rabbits With or Without CC-11050 Treatment {#s0115}
-----------------------------------------------------------------------------------------

To understand the effect of CC-11050 treatment on the host response in the lungs of Mtb-infected rabbits, we performed microarray-based global gene expression profiling analysis. Compared to the uninfected animals, 11,701 genes were significantly differentially expressed (SDEG; P \< 0.05) in the Mtb-infected but untreated rabbit lungs at 12 weeks post-infection (Supplementary Fig. 6a). At this time, expression of 8701 genes was significantly affected in CC-11050 treated rabbit lungs, compared to the untreated animals. In addition, 4433 SDEG were commonly affected between the untreated and CC-11050 treated rabbit lungs. Among these common SDEG, expression of 1108 genes was up-regulated and 3325 were down-regulated in the untreated rabbit lungs, compared to 1114 up-regulated and 3319 down-regulated genes in CC-11050 treated animals (Supplementary Fig. 6b). The quality of microarray gene expression was validated by qPCR amplification of randomly selected host immune genes. As shown in Supplementary Table 4, the direction of expression of all tested genes as well as the level of expression of several genes were consistent between microarray and qPCR.

3.8. Gene Ontology Analysis of SDEG {#s0120}
-----------------------------------

To understand the biological functions, cell signaling networks and pathways that are affected by CC-11050 treatment, we performed gene ontology analysis on the SDEG from Mtb-infected untreated or CC-11050 treated rabbits, compared to the uninfected controls ([Fig. 5](#f0025){ref-type="fig"}). In the untreated rabbit lungs, genes associated with biological functions including inflammation, respiratory disease, lipid metabolism, cell compromise, infectious disease, immunological disease, small molecule transport, cell death and organismal injury were highly significantly enriched during Mtb infection. However, the significance of enrichment for most of these disease-associated functions, networks and pathways was less pronounced in the CC-11050 treated animals. Importantly, no significant enrichment of inflammatory response associated genes was noted in the CC-11050 treated rabbit lungs. Consistently, genes encoding for inflammatory molecules, including *GZMA*, *GZMB*, *FAM26F*, *MMP1*, *CXCL9*, *CXCL13*, *SLAMF7* were very highly up-regulated (\> 25 fold) and were among the top 10 most induced in the Mtb-infected untreated rabbit lungs (Supplementary Table 5). In contrast, except for *GZMA*, other genes were not significantly differentially expressed in the CC-11050 treated animals, compared to the uninfected animals.

3.9. CC-11050 Treatment Dampens Macrophage Activation and Inflammatory Response {#s0125}
-------------------------------------------------------------------------------

To further elucidate the effect of CC-11050 treatment specifically on the host inflammatory response, we analyzed the expression profile of genes associated with the following networks: a) TNF-α regulation, b) macrophage activation and c) lung inflammation (Supplementary Fig. 7).

### 3.9.1. TNF-α Regulon Network {#s0130}

Among the SDEG, a subset of 205 genes in Mtb-infected rabbit lungs was associated with the regulation of TNF-α (Supplementary Fig. 7a and Supplementary Table 6). Of these, expression of 122 genes was up-regulated, including 31 genes expressed greater than 5-fold, and 83 were down-regulated in the untreated animals. In contrast, 50 genes were up-regulated, 47 genes were down-regulated and 108 genes were not significantly expressed in the CC-11050 treated rabbit lungs. In these animals, only 4 out of 50 genes were expressed to greater than 5-fold. Interestingly, 44 out of 50 up-regulated genes and 46 out of 47 down-regulated genes in CC-11050 treated rabbits were expressed in the same direction as the untreated, though the level of expression was lower in the CC-11050 treated group. Expression of *MCL1*, *CCL2*, *SMPDL3A* and *LOX* was down-regulated and *THY1* was up-regulated in the CC-11050 treated animals; these genes were expressed in the opposite direction in the untreated rabbit lungs (Supplementary Table 5).

### 3.9.2. Macrophage Activation Network {#s0135}

There were 68 genes associated with macrophage activation in Mtb-infected rabbit lungs at 12 weeks post-infection (Supplementary Fig. 7b and Supplementary Table 6). Among these, expression of 55 genes was up-regulated, including 15 genes induced to at least 5 fold. The number of up-regulated genes was reduced by more than 50% (23 genes), with only 3 genes expressed to greater than 5 fold in the CC-11050 treated rabbit lungs. Expression of 20 out of 23 genes was in the same direction (up-regulated); while expression of *LCP1*, *CCL2* and *STAT3* was regulated in the opposite direction, between the untreated and CC-11050 treated rabbits (Supplementary Table 5). Though similar number of genes was down-regulated in the untreated (13 genes) and CC-11050 treated (12 genes) animals, expression of 23 genes was noted only in the former group.

### 3.9.3. Lung Inflammation Network {#s0140}

Of the 103 genes associated with lung inflammation, 65 genes were up-regulated and 38 genes were down-regulated in the untreated rabbit lungs (Supplementary Fig. 7c and Supplementary Table 6). Among the up-regulated genes, a subset of 22 genes was also up-regulated in CC-11050 treated animals. Similarly, 20 down-regulated genes in this group were also down-regulated in the untreated rabbits.

Twenty one SDEG were shared between the TNF-a regulon, macrophage activation and lung inflammation networks (Supplementary Fig. 8a and Supplementary Table 6). Of these, 18 genes were up-regulated and 3 genes were down-regulated in the untreated animals, compared to 6 up-regulated genes and 4 down-regulated genes in CC-11050 treated animals. Notably, expression of *TNF*, *CD14*, *IFNGR2*, *CD4*, *IL12B*, *IL16* and *CCL2* was highly up-regulated only in the untreated rabbits (Supplementary Fig. 8b and Supplementary Table 5). As shown in Supplementary Fig. 7, the expression of genes associated with TNF-α regulon, lung inflammation, macrophage activation and lung fibrosis was similar between CC-11050 and CC-3052, treated rabbit lungs (Supplementary Fig. 9).

3.10. CC-11050 Treatment Affects Lung Fibrosis {#s0145}
----------------------------------------------

To evaluate the effect of CC-11050 on the extent of the fibrotic process, lung sections from all treated and untreated infected rabbits were stained using Masson\'s trichrome method, specific for fibrosis, collagen deposition and tissue remodeling ([Fig. 6](#f0030){ref-type="fig"}). Microscopic examination revealed little to no fibrosis in the lungs at 4 or 8 weeks post-infection (not shown). At 12 weeks post-infection, significant collagen deposition (blue staining) was observed around the granulomas and adjacent to the necrotic area in the lungs of control untreated Mtb-infected animals ([Fig. 6](#f0030){ref-type="fig"}a and e). Based on the Ashcroft scoring system the average value was 2.8. Similarly, extensive fibrosis was seen in the lungs of animals treated with INH alone ([Fig. 6](#f0030){ref-type="fig"}b and f) (Ashcroft score --- 2.7). In contrast, the lungs of animals treated with CC-11050 alone ([Fig. 6](#f0030){ref-type="fig"}c and g) contained granulomas with almost no fibrosis (Aschroft score --- 0.8) and INH + CC-11050 treated rabbit lungs ([Fig. 6](#f0030){ref-type="fig"}d and h) had very minimal amounts of fibrosis, with an average score of 0.5. These findings demonstrate that eight weeks of treatment with the CC-11050 or the combination of CC-11050 and INH resulted in diminished infection-induced fibrosis around and within lung lesions.

3.11. Modulation of Lung Fibrosis and Wound Healing Network by CC-11050 Treatment {#s0150}
---------------------------------------------------------------------------------

Since histologic staining showed diminished fibrosis in CC-11050 treated, compared to the untreated rabbit lungs, we investigated the transcriptional profile of lung fibrosis and wound healing network genes at 12 weeks post-infection. Of the SDEG, a subset of 59 genes was associated with the lung fibrosis network ([Fig. 7](#f0035){ref-type="fig"}a and Supplementary Table 6). While expression of 36 genes (61%) was up-regulated and 23 genes were down-regulated in the untreated, only 11 genes were up-regulated and 7 genes were down-regulated in the CC-11050 treated rabbit lungs. In the later group of animals, 41 genes (69%) were not significantly expressed. To further elucidate the expression pattern of genes involved in tissue remodeling, we performed qPCR on selected host genes that code for collagenase (*MMP1*), gelatinase (*MMP2*), elastase (*MMP12*) and membrane-type (*MMP14*) matrix metalloproteases and a matrix proteoglycan, decorin (*DCN*) ([Fig. 7](#f0035){ref-type="fig"}b). Compared to the Mtb-infected untreated animals, expression of *MMP1*, *MMP12*, *MMP14* and *DCN* was significantly reduced (P \< 0.05) in the CC-11050 treated rabbit lungs at 12 weeks post-infection (8 weeks of treatment). In addition, *MMP12* was significantly reduced in the INH + CC-11050 treated group, compared to the untreated rabbits. No significant difference was observed between INH treated versus untreated rabbit lungs for any of the tested genes. Taken together, our qPCR results are consistent with and support the histologic finding of reduced fibrosis in CC-11050 treated rabbit lungs.

4. Discussion {#s0155}
=============

Host-directed therapy is being actively pursued as an alternate strategy to cure TB.

In this study, we found that coupling INH therapy with adjunctive PDE4i CC-11050 treatment significantly reduced the bacillary burden and tissue inflammation and improved lung pathology in Mtb-infected rabbits. Consistently, lung fibrosis was significantly reduced in the CC-11050 treated animals. Lung transcriptome analyses revealed dampening of the expression of genes associated with TNF-α, macrophage activation and lung inflammation networks. Our results strongly suggest that CC-11050 can be used as an adjunct therapeutic molecule to improve the outcome of antibiotic treatment in patients with pulmonary TB.

Taken together, these results validate our central hypothesis that dampening the host inflammatory response by down-regulating TNF-α through PDE4 inhibition therapy can improve the outcome of antibiotic treatment during Mtb infection. In contrast, in a recent mouse model of Mtb infection, treatment with rolipram and cilomilast, two FDA approved PDE4i used for the treatment of depression and COPD respectively, in combination with anti-TB drugs did not show significant improvement in disease or reducing the bacillary load ([@bb0185]). This difference between the published study and our work might reflect the different enzyme specificities of these three PDE4i. The PDE4 family has at least 4 subtypes (PDE4A-4D) and at least 15 isotypes that are differentially localized and expressed among the host immune cells ([@bb0190]). In vitro, rolipram inhibits PDE4A, 4B and 4D activities, with higher and similar inhibitory activity towards PDE4B and 4D ([@bb0195]). It is likely that the specific PDE4 isoforms targeted by CC-11050 differ from those targeted by rolipram. In addition, unlike the rabbit, the standard mouse model of pulmonary Mtb infection does not recapitulate the pathologic sequence of TB manifestations found in humans, such as necrosis, hypoxic lesions and cavitation ([@bb0200], [@bb0205]). Since the effect of immune modulators on TB pathology and associated host gene expression varies significantly between murine and rabbit models, the results obtained in the two models cannot be directly comparable In addition, the divergent results between the current study and a report by [@bb0185] may be due to the difference in the treatment regimen (single-versus multi-drug combinatorial therapy).

A critical observation in this study is the reduced lung fibrosis during CC-11050 treatment of Mtb-infected rabbits. One of the hallmarks of advanced pulmonary TB in humans is the extensive tissue damage due to cavities that are surrounded by thick fibrosis ([@bb0210], [@bb0215]). Although tissue remodeling during fibrosis aids in the stabilization and healing of granulomas with caseation, extensive fibrosis resulting in tissue scarring, significantly reduces lung function ([@bb0220], [@bb0225]). In addition, granulomas with fibrosis and extensive tissue remodeling have poor drug penetration and accumulation resulting in poor bactericidal activity by the anti-TB drugs ([@bb0230]). Moreover, Mtb can thrive in a fibrotic lesion and can be reactivated during immune suppression ([@bb0235]).

Matrix metalloproteases (MMPs) are a family of cellular matrix degrading nucleases that play a central role in tissue remodeling and fibrosis during pulmonary cavitary TB in humans and in relevant animal models; small molecules that can interfere with MMP signaling have been suggested as immunomodulatory drugs for TB treatment ([@bb0240], [@bb0245], [@bb0250]). In general, induction of several MMPs, including MMP1, MMP12 and MMP14 correlates with disease severity, tissue destruction and inflammation during active TB in humans and in the non-human primates and rabbit models of pulmonary TB ([@bb0145], [@bb0215], [@bb0240], [@bb0255], [@bb0260]). Consistent with these findings, we observed up-regulation of *MMP1*, 12, 14 and *DCN* in Mtb-infected untreated rabbit lungs associated with increased fibrosis around the granulomas. We postulate that in the CC-11050 + INH treated rabbits, significant down-regulation of these MMPs, concomitant with a dampened inflammatory response, contributes to reduced fibrosis, and that this facilitates improved accessibility of antibiotics and improved bacterial killing. We believe that these findings can provide a rationale for developing CC-11050 as an adjunctive agent in TB therapy.
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![Experimental design and bacillary load in the lung, liver and spleen of Mtb-infected rabbits. (a) Schema of experimental design showing rabbit infection, treatment and necropsy time points. (b) Kinetics of bacillary growth in the lungs of Mtb-infected rabbits with or without CC-11050, INH or INH + CC-11050 treatment. \*P = 0.0223 at 12 weeks between untreated and INH-treated animals. \*\*P = 0.006 at 12 weeks between untreated and INH + CC-11050 treated animals. (c) Kinetics of bacillary burden in the liver of Mtb-infected rabbits with or without CC-11050, INH or INH + CC-11050 treatment. \*P = 0.002 at 12 weeks between untreated and INH + CC-11050 treated animals. (d). Kinetics of bacillary load in the spleen of Mtb-infected rabbits with or without CC-11050, INH or INH + CC-11050 treatment. Values plotted are mean and standard deviation from 6 to 10 rabbits per group per time point.](gr1){#f0005}

![Gross pathology and disease characteristics of Mtb-infected rabbit lungs. (a--d) Representative gross lung pathology images of Mtb-infected untreated (a), CC-11050- (b), INH- (c) or INH + CC-11050- (d) treated rabbits showing the distribution of dorsal sub-pleural granulomas at 12 weeks post-infection (8 weeks treatment). (e--h) Representative low magnification images of rabbit lung sections at 12 weeks post-infection, stained with hematoxylin & eosin, showing the general architecture of granulomas in Mtb-infected untreated (e), CC-11050- (f), INH (g) or INH + CC-11050 (h) treated rabbits. Scale bar = 1 mm. (i) Number of sub-pleural lung granulomas in Mtb-infected untreated or CC-11050 or INH or INH + CC-11050 treated rabbits at 12 weeks post-infection. Values plotted are average and standard deviation from 6 to 8 animals per group. \*P = 0.0003 between untreated and INH + CC-11050 treated animals. (j) Area of lung granulomas in Mtb-infected untreated, CC-11050-, INH- or INH + CC-11050 treated rabbits at 12 weeks post-infection. Values plotted are average and standard deviation from 3 sections per animal; 6--8 animals per group. \*P = 0.013 between untreated and INH + CC-11050 treated animals. (k) Pathology score of Mtb-infected untreated, CC-11050-, INH- or INH + CC-11050 treated rabbits at 12 weeks post-infection. Values plotted are average and standard deviation from 6 to 8 animals per group. \*P = 0.04 between untreated and INH + CC-11050 treated animals.](gr2){#f0010}

![Histopathology of Mtb-infected rabbit lungs 12 weeks post infection (8 weeks of treatment). (a, b and c) Representative images of H&E (a and b) or AFB (c) stained lung section from untreated rabbits. Well demarcated, large confluent granulomas with central necrosis and mineralization, surrounded by macrophages and many lymphocytes can be seen. High numbers of acid-fast bacilli (arrowheads) were also found in these granulomas. (d, e and f) Representative images of H&E (d and e) or AFB (f) stained lung section from rabbits treated with CC-11050 only. Well demarcated, large lesions with central necrosis surrounded by multiple epithelioid macrophages and less lymphocytes can be seen. Very few acid-fast bacilli are noted in these granulomas. (g, h and i) Representative images of H&E (g and h) or AFB (i) stained lung section from rabbits treated with INH only. Granulomas with central area of extensive necrosis and mineralization, surrounded by foamy macrophages and lymphocytes can be seen. Very few AFB-positive organisms were found in these granulomas. (j, k and l) Representative images of H&E (j and k) or AFB (l) stained lung section from rabbits treated with the combination of INH and CC-11050. Very few, well demarcated, non-necrotic small granulomas, undergoing resorption can be seen. No clearly visible AFB-positive organisms were observed in these granulomas. Figures a, d, g and j were photographed at 4 × (Scale bar = 500 μm) and b, e, h and k at 40 × (Scale bar = 50 μm) magnification, respectively. Sections c, f, i and l (acid-fast stain) were photographed at 80 × (Scale bar = 25 μm) magnifications.](gr3){#f0015}

![Proliferative capacity of CD4^+^ T cells. Percent of proliferating CD4^+^ T cells in Mtb-infected untreated or CC-11050 or INH or INH + CC-11050 treated rabbits at 12 weeks post-infection (8 weeks treatment). Rabbit spleenocytes were either un-stimulated or stimulated with PPD, ConA or heat-killed Mtb before proliferation was measured by FACS analysis. Values plotted are average and standard deviation from 6 to 8 animals per group. \*P \< 0.05 compared to the untreated.](gr4){#f0020}

![Gene ontology analysis of significantly differentially expressed genes (SDEG) in Mtb-infected rabbit lungs. SDEG were selected based on 5% FDR and analyzed using Ingenuity Pathway Analysis (IPA) to determine enriched biological functions in the lungs of Mtb-infected untreated or CC-11050 treated rabbits at 12 weeks post-infection. Biological functions with a P \< 10^− 3^ were considered significant. Inflammatory response network and pathways were not significantly enriched in the CC-11050 dataset.](gr5){#f0025}

![Lung fibrosis in Mtb-infected rabbits with or without CC-11050 treatment at 12 weeks post infection. (a and e) Representative image of lung sections from Mtb infected untreated rabbits. Significant collagen deposition (blue staining) can be seen around the granulomas. (b and f) Representative image of lung sections from rabbits treated with INH alone. Significant collagen deposition (blue staining) surrounding the necrotic lesions can be seen in f. (c and g) Representative image of lung sections from rabbits treated with CC-11050 alone. Significantly less staining was observed in these granulomas. (d and h) Representative image of lung sections from rabbits treated with INH + CC-11050. Minimal amount of fibrosis can be visualized surrounding the granuloma in h. All sections were stained using Masson\'s trichrome method. Images a--d were photographed at 4 × (Scale bar = 500 μm) and e--h at 40 × magnification (Scale bar = 50 μm), respectively.](gr6){#f0030}

![Expression profile of lung fibrosis network genes in Mtb-infected rabbits with or without CC-11050 treatment. (a) Intensity plot of SDEG associated with lung fibrosis network in Mtb-infected untreated (UT) or CC-11050 treated (CC) rabbit lungs at 12 weeks post-infection. Red color indicates up-regulated genes; blue color represents down-regulated genes and intensity of color denotes relative level of respective gene expression. The scale bar ranges from + 3 (red) to − 3(blue). Individual genes in this network and their expression levels are shown in Supplementary Table 5. (b) qPCR analysis of selected genes involved in fibrosis and tissue remodeling in the lungs of Mtb-infected untreated (UT) or CC-11050 treated (CC) rabbits at 12 weeks post-infection. \*P \< 0.05 compared to the untreated.](gr7){#f0035}
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